Gap junctions are intercellular channels formed of connexins (Cx) at appositional plasma membranes between adjacent cells that have been involved in the control of cell proliferation and differentiation. Altered Cx expression is implicated consistently in several human diseases and in tumorigenesis. Although Cx43 plays a critical role in Sertoli cell control of spermatogenesis, there is no evidence of its altered expression in human testicular pathologies. We show here that Cx43 mRNA expression was significantly reduced in testes of infertile patients with secretory azoospermia (p Ͻ 0.05) compared with testes displaying normal spermatogenesis (excretory azoospermic patients). In Sertoli cell-only syndrome, in situ hybridization and immunohistochemistry analyses indicated that Cx43 mRNA and protein were undetectable in Sertoli cells but were still present in the interstitial compartment. In a rat model of Sertoli cell-only syndrome, the lack of Cx43 in Sertoli cells was associated with an impairment of gap junction intercellular communication between adjacent Sertoli cells. These results reveal that Cx43 mRNA and protein expression are markedly impaired in Sertoli cells of infertile patients. This defect could be a new functional marker of undifferentiated Sertoli cells and could be related to the increased risk of testicular cancer recently described in the population of infertile men. (Lab Invest 2003, 83:449 -456).
G
ap junctions are clusters of channels, formed of proteins termed connexins (Cx), which allow the intercellular exchange of small signaling molecules (Ͻ1 kDa) between the cytoplasmic compartments of two adjacent cells (for review, see Goodenough et al, 1996) . Gap junctional intercellular communication (GJIC) is essential to the regulation of cellular growth, differentiation, and tissue homeostasis (for review, see Kumar and Gilula, 1996) . Mutations in Cx genes underlie a variety of human diseases, such as demyelinating neuropathies, deafness, and lens cataracts (White and Paul, 1999) . Likewise, tumorigenesis is correlated with impaired GJIC and loss of Cx expression (Trosko and Ruch, 1998) , and transfection of Cx has been reported to restore normal phenotype in vitro and reduce tumor growth in vivo (Omori et al, 2001 ).
In the testis, Cx43 is the most expressed Cx (Risley et al, 1992) and is mainly present within the seminiferous tubules in Sertoli cells (Batias et al, 2000; Risley et al, 1992) . The notion that Cx43 is absolutely required for the control of spermatogenesis comes from the recent demonstration that Cx43 gene-targeted deletion in mice results in male infertility (Juneja et al, 1999; Plum et al, 2000) . In this context, analysis of Cx43 expression in infertile men is of particular interest because it has been suggested that infertility and subfertility constitute relative risk of testicular cancer development (Moller and Skakkebaek, 1999) . However, only sparse observations have been reported for the presence of gap junctions and Cx43 in pathologic human testes (Bigliardi and Vegni-Talluri, 1977; Cavicchia et al, 1996; Nagano and Susuki, 1976; Steger et al, 1999) .
In the present study, we analyzed Cx43 gene and protein expression by semiquantitative RT-PCR, in situ hybridization, and immunohistochemistry in testicular biopsy specimens from infertile patients with secretory azoospermia. We show that Cx43 expression is impaired in Sertoli cells of this patient population, indicating that this defect could be a marker of undifferentiated Sertoli cell functionality.
PCR using an endogenous standard, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. To accurately compare levels of Cx43 mRNA in several patients, we first determined whether the detection of the Cx43 PCR products showed a linear increase in signal intensity. Second, we set up the cycle numbers at which GAPDH primers were added to the PCR mixture. As shown in Figure 1A , the rates of amplification were exponential between 23 and 27 (Lanes 3 and 7, respectively) cycles for both sets of primers, after the addition of GAPDH primers at the eighth cycle. Comparisons between Cx43 and GAPDH PCR products were made at 23, 24, 25, and 26 cycles, before the respective amplification reactions reached the plateau phase. No PCR product was detected when cDNA was omitted (Fig. 1A, Lane 1 ) or in the absence of the reverse transcriptase (Fig. 1A, Lane 2) .
Densitometric analyses of Cx43 mRNA levels to GAPDH mRNA were performed to quantify relative changes in Cx43 mRNA expression in testicular tissues presenting partial (presence of spermatogonia) or total (Sertoli cell-only [SCO] syndrome) spermatogenesis failure. As shown in Figure 1B , Cx43 mRNA was detected in all human testicular biopsy specimens with normal (excretory azoospermia) or altered (secretory azoospermia) spermatogenesis. The relative expression of testicular Cx43 mRNA was significantly reduced in the group of patients with altered spermatogenesis compared with men with histologically verified normal spermatogenesis (p Ͻ 0.05). Of the eight biopsy specimens analyzed in the latter population, the expression of Cx43 compared with GAPDH was more scattered. This variation of Cx43 mRNA expression may be explained by the cellular heterogeneity of the testicular biopsy specimens in this group (seminiferous tubules at different stages of spermatogenesis). Inversely, in the group of patients with impaired spermatogenesis, the expression of Cx43 mRNA was low and similar whatever the degree of alteration of spermatogenesis.
Localization of Cx43 Expression in Seminiferous Tubules with Characteristics of SCO Syndrome
In situ hybridization experiments were performed to analyze the altered expression of Cx43 mRNA in relation to its cellular distribution within seminiferous tubules. Dark-field and bright-field images demonstrate a high accumulation of silver grains at the base of seminiferous tubules and in the interstitial compartment of human testis with normal spermatogenesis (Fig. 2, A and B) . As indicated in Figure 2D , Cx43 mRNA was present in Sertoli cells (inset) and in basally located germ cells. In testes with SCO syndrome, the hybridization signal was markedly impaired in seminiferous tubules, whereas it was maintained in the interstitial compartment (Fig. 2E ). High magnification shows that silver grains were barely detectable in Sertoli cells of patients with SCO syndrome (Fig. 2E , inset) as compared with control testis (Fig. 2D, inset) . Control sections incubated with the sense probe revealed a low nonspecific hybridization signal (Fig. 2C ). Semiquantitative analysis indicated that the number of silver grains was significantly decreased by 83 Ϯ 5% in Sertoli cells of patients with altered spermatogenesis, as compared with control testis (p Ͻ 0.01).
Accordingly, immunoreactive staining for Cx43 protein was observed in all tubules of patients with normal germ cell maturation (data not shown). High magnification indicated that the Cx43 immunoreactive signal was located in the basal compartment of seminiferous tubules (Fig. 3A) . In contrast, no Cx43 was detected in seminiferous tubules of infertile patients with SCO 
Coupling in SCO Seminiferous Tubules
Dye-coupling experiments were performed to determine whether gap junctional coupling correlated with Cx43 expression within the seminiferous epithelium. Because of the limited size of human testicular biopsy specimens, this approach has been developed in unilateral cryptorchid Long-Evans mutant rats with abdominal testes displaying characteristics of SCO syndrome. Consistent with the above data in humans, in situ hybridization analysis indicated that Cx43 transcripts were mainly detected within the seminiferous tubules in Sertoli cells of scrotal testis with normal spermatogenesis (Fig. 4A ). In contrast, the hybridization signal was no longer detected in Sertoli cells of tubules showing characteristics of SCO syndrome (Fig. 4B) . Silver grains were, however, present in the interstitial compartment. In seminiferous tubule sections from testis with normal spermatogenesis identified by 4,6-diamidino-2-phenylindole (DAPI) staining (Fig. 4C ), dextran-rhodamine fluorescence was detected in two Sertoli cells injured by cutting and identified by their specific columnar distribution of the fluorescence (Fig. 4D) . Consistent with the lack of diffusion of high-molecular weight marker through gap junctions, no transfer of dextran-rhodamine could be observed between adjacent cells (Fig. 4D) . In contrast, diffusion of Lucifer yellow, a low-molecular weight dye (Fig. 4E) . Among the double-loaded Sertoli cells identified (n ϭ 500) on the 200 seminiferous tubule sections analyzed, approximately 40% exhibited Lucifer yellow coupling with neighboring Sertoli cells. The diffusion of this dye was reduced by 90% in the presence of 3 mM heptanol, an inhibitor of gap junctional coupling, indicating that diffusion of the Lucifer yellow was mediated by gap junction (data not shown). Conversely, in the SCO seminiferous tubules, no diffusion of Lucifer yellow occurred toward adjacent Sertoli cells as visualized in Figure 4 , G and H.
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(Ͻ1 kDa), occurred from these two injured Sertoli cells to adjacent Sertoli and to basally located germ cells
Discussion
The present study shows for the first time that minimal if any Cx43 mRNA expression was detected by in situ hybridization within the seminiferous tubules of patients with severe secretory azoospermia (SCO syndrome) compared with testes with normal spermatogenesis. Therefore, the decrease in testicular Cx43 mRNA level, evaluated by semiquantitative RT-PCR in testicular biopsy specimens of secretory azoospermic patients, probably reflects the decrease of this transcript within the seminiferous epithelium. Furthermore, our findings revealed a concomitant disappearance of Cx43 mRNA and protein in Sertoli cells in pathologic testes, whereas they were maintained in the interstitial tissue.
There is strong evidence that Cx43 gap junctions occur between Sertoli cells and that they are located in the basal compartment of the seminiferous tubules (Batias et al, 1999; Lablack et al, 1998; Risley et al, 1992) . These data do not preclude that other Cx detected within the seminiferous epithelium, such as Cx26 and Cx32, are able to form channels with themselves or in association with Cx43 (Bruzzone et al, 1996) as suggested from the observations obtained in the xenope model. This hypothesis is, however, not sustained by the detection of Cx26 and Cx32 in the apical compartment of the seminiferous epithelium (Risley et al, 1992) , compared with the basal localization of Cx43. Moreover, two other members of the Cx family, Cx31 and Cx33, have been localized in the basal compartment (Mok et al, 1999; Tan et al, 1996) ; but these Cx are unable to communicate with other Cx members (Chang et al, 1996; Elfgang et al, 1995) . Thus, it is tempting to suggest that gap junctions that occur basally between neighboring Sertoli cells are mainly formed of Cx43. Several studies have revealed that Sertoli cells are coupled by gap junctions (Batias et al, 2000; Enders, 1993; Lablack et al, 1998; Risley et al, 1992) and that this coupling is nonselective of low-molecular weight tracer used (Risley et al, 2002) . From the present data, it is likely that Sertoli cells, which are located within the damaged tubules, could be unable to communicate between them via Cx43 gap junctions. This latter hypothesis is in agreement with previous ultrastructural studies (Cavicchia et al, 1996) and is strongly supported by the current observation that in situ Lucifer yellow coupling between adjacent Sertoli cells was impaired in the seminiferous tubules of a rat model with severe alteration of spermatogenesis.
There is compelling evidence that the contingent of Sertoli cells that is present in human seminiferous tubules with spermatogenic arrest exhibit immature morphologic and physiologic characteristics, such as oval nuclei with smooth profiles, even heterochromatin distribution, a single nucleolus (Cavicchia et al, 1996) , and anti-müllerian hormone and cytokeratin 18 expression (Bar-Shira et al, 2000; Steger et al, 1996) . Our data show that Cx43 was not expressed in Sertoli cells present within seminiferous tubules with SCO syndrome characteristics. Given the essential role of Cx43 in Sertoli cell control of spermatogenesis (Juneja et al, 1999; Plum et al, 2000) , its defect could reflect a new functional marker of undifferentiated Sertoli cells in the pathologic seminiferous tubules.
Impaired GJIC and loss of Cx expression have been shown to correlate with neoplastic transformation of several human tissues such as breast (Laird et al, 1999) , lung (Ruch et al, 2001 ), brain (Soroceanu et al, 2001) , endometrium (Saito et al, 2001) , and prostate (Hossain et al, 1999) . Testicular cancer is the most common malignancy of young men (Adami et al, 1994; Forman and Moller, 1994) , and an increased risk of this cancer has been reported in the population of infertile men (Moller and Skakkebaek, 1999) . Both infertility and testicular cancer progression have been suggested to be correlated with an impaired function and/or differentiation of Sertoli cells (Skakkebaek et al, 1998) . Therefore, it might be possible that the lack of Cx43 expression evidenced here in Sertoli cells of infertile patients could favor testicular tumorigenesis. Further studies investigating Cx43 expression in tumoral tissue are necessary to assess Sertoli cell Cx43 alteration in the promotion of testicular cancer in humans.
Materials and Methods

Samples
Normal testes were obtained from 60-to 65-year-old patients undergoing orchidectomy for prostate cancer (n ϭ 3). Biopsy specimens of normal testes were performed in young men (28 -38 years) with excretory azoospermia caused by deferent duct agenesis (n ϭ 8). Pathologic testicular tissues were collected by biopsies from young men with 46 XY karyotype and presenting partial or total spermatogenesis failure related to secretory azoospermia (n ϭ 7). None of the patients, who gave informed consent for this study, had received hormonal therapy or chemotherapy before the collection of tissue samples. Clinical, biologic, and histologic features of patients are indicated in Table 1 .
Naturally unilateral cryptorchid Long-Evans rats were purchased at the age of 80 to 90 days from CSEAL-CNRS (Orléans, France). As previously reported by our group (Mouhadjer et al, 1989) and by others (Penson et al, 1997) , seminiferous tubules from abdominal testis exhibited characteristics of SCO syndrome. At least three abdominal and three contralateral scrotal testes were examined.
Semiquantitative RT-PCR
Semiquantitative RT-PCR was used to compare Cx43 mRNA expression between patients with normal or altered spermatogenesis using GAPDH as an internal standard. Briefly, total RNA was extracted from testicular biopsy specimens using RNeasy (Qiagen, Courtaboeuf, France). RNA was treated with RNasefree DNase I (Life Technologies Gibco BRL, Cergy Pontoise, France) at 22°C for 5 minutes. RNA (2 g) was reverse transcribed into cDNAs using oligo(dT)12-18 as primer (Roche Diagnostics, Meylan, France) and SuperScriptII reverse transcriptase (Life Technologies). To confirm that there was no genomic DNA contamination within the total RNA, the RT-PCR reactions were performed under identical conditions with the exception that SuperScriptII was omitted in the cDNA synthesis step. This mixture was used as a control in subsequent PCR amplification steps. PCR was performed with an MJ Research, PTC-100 DNA thermal cycler as recommended by the supplier. Primers were designed from previously published sequence data: for GAPDH (Diez de Medina et al, 1997), 5'-CTG CAC CAC CAA CTG CTT AG-3' (sense) and 5'-AGG TCC ACC ACT GAC ACG TT-3' (antisense); and for Cx43 (Pozzi et al, 1995) , 5'-AGT CTA TCT TTG AGG TGG CC-3' (sense) and 5'-GGC TGT AAT TCA TGT CCA GC-3' (antisense). The cycling parameters for the PCR reaction were as follows: denaturation at 94°C for 1 minute, annealing at 60°C for 1 minute, and elongation at 72°C for 1 minute, for a total of 27 cycles. PCR products were run on 1.5% agarose gel (Eurobio, Les Ulis, France), stained with ethidium bromide, and photographed with Polaroid film. The sizes of the expected amplification products are 1158 bp for Cx43 and 275 bp for GAPDH. The identity of the product was determined by sequencing. The amount of amplified products was quantified using the Image Master VDS and the Image Master 1D Software Version 3.00 (Amersham Pharmacia Biotech, Orsay, France). Each value was determined as the mean of three densitometry readings. Results are expressed as the average ratios of the relative optical densities of Cx43 PCR product to those of GAPDH. The nonparametric Mann-Whitney U test was used for comparison between the two groups of patients. The level of significance is as given in legend to Figure 1 .
In Situ Hybridization
In situ hybridization was performed as previously described (Batias et al, 2000) . The radiolabeled probes were generated by in vitro transcription and incorporation of [
35 S]uridine triphosphate (specific ratio activity, 1000 Ci/mmol; Amersham, Buckinghamshire, United Kingdom). Testicular tissue was fixed by immersion in 4% paraformaldehyde in PBS (pH 7.4) during 16 hours at 4°C. For each sample, two serial sections were mounted on the same histologic slide. One received the antisense RNA probe, and the other received the RNA sense probe as background control. After posthybridization washings, the slides were dipped in NTB2 emulsion (Kodak, Rochester, NY) and exposed at 4°C in lightness boxes for 21 days. Slides were developed, fixed, and counterstained with toluidine blue. Approximately 10 seminiferous tubules from 3 different sections for each normal or pathologic testis were examined by two observers, who selected representative areas to be photographed. Hybridization intensity was quantified using a computer- Defamie et al assisted image analysis system (Visilog 4.15; Noesis, Les Ulis, France), consisting of an IMC 500 camera and an IMC 500 digitizer (Batias et al, 2000) . The intensity of hybridization was expressed as percentage of pixels within a marked area occupied by silver grains that was above a set gray threshold level. Measurements were taken from 10 seminiferous tubules from 3 different sections for each testis. A one-way ANOVA followed by a Student-NewmanKeuls post-hoc test was used to test for differences between cells. Values were considered statistically different when p Ͻ 0.05.
Immunohistochemistry
Fresh testis pieces were cut with a razor blade, embedded in OCT embedding compound (Tissue Tek), and stored at Ϫ80°C. Cryosections (5 m) were mounted on 3-aminopropytriethoxysilane-coated slides and then stored at Ϫ80°C. The integrity of spermatogenesis was examined by classical histologic procedures by fixing a piece of each testis in aqueous Bouin. Immunohistochemical localization of Cx43 was performed using a K 680 Kit (Dako, Trappes, France). Briefly testicular sections were incubated in a 3% H 2 O 2 solution for 30 minutes to inhibit endogenous peroxidase activity. Sections were washed in PBS, exposed to the blocking reagent for 1 hour at room temperature, and incubated overnight at 4°C with the anti-Cx43 antibody (Transduction Laboratories, Lexington, Kentucky) diluted 1/200 in PBS containing 3% BSA. Sections were incubated for 30 minutes with a secondary biotinylated anti-mouse antibody, washed in PBS-0.1% Tween, and exposed to peroxidase streptavidin for 30 minutes. After washing, testis sections were then incubated for 10 minutes in the substrate solution 3-amino-9-ethylcarbazol. Slides were counterstained in hemalun for 1 minute and washed in tap water. As a negative control, adjacent tissue sections were processed by omission or by replacing the primary antibody with nonimmune IgG diluted 1/200.
In Situ Dye-Coupling
Cell-to-cell coupling in seminiferous tubules was measured by the cut-end loading method originally described by Tsien and Weingart (1976) and modified by our group (Batias et al, 2000) . Briefly, pieces of scrotal and abdominal testes from LE-ORL rats were cut and incubated for 10 minutes at 32°C in PBS containing 0.5% (w/v) Lucifer yellow (molecular weight: 475.2; Sigma, St. Louis, Missouri) and 0.5% (w/v) dextran coupled to rhodamine (molecular weight: 10,000; Sigma) which was used as a negative control. Testis pieces were rinsed in PBS, fixed in 4% paraformaldehyde for 48 hours, and then embedded by standard paraffin procedure. Sections (5 m) were performed in plane perpendicular to that of the razor blade cutting and incubated for 1 minute with DAPI (2 g/ml) to stain nuclei. Approximately 200 sections from 3 scrotal testes and 3 controlateral abdominal testes were examined by fluorescence microscopy. Sections in which Sertoli cells injured by cutting were loaded with both Lucifer yellow and dextran-rhodamine were selected, and adjacent Sertoli cells loaded with Lucifer yellow were counted.
